V ascular inflammation is believed to play a critical role in the pathogenesis of a variety of retinal diseases, such as diabetic retinopathy, uveitis, and ischemic retinopathy. A common feature associated with these diseases is increased leukocyte adhesion to the vessel wall, which can cause retinal capillary plugging and nonperfusion, leading to vascular injury, hyperpermeability, and neovascularization. [1] [2] [3] [4] [5] The healthy vascular wall is smooth and resistant to the adhesion of leukocytes. However, in disease conditions, stimulators such as proinflammatory cytokines, oxidative stress, and endotoxin can cause endothelial cell expression of chemokines and adhesion molecules that will induce leukocyte activation and adhesion to the vessel wall. 6, 7 CCL2, formerly called monocyte chemoattractant protein-1, is a chemokine that is produced in response to different inflammatory stimuli, such as TNF-␣, IL-1␤, and endotoxin. It plays a critical role in inflammation by recruiting and activating monocytes, macrophages, T cells, and natural killer cells. 6 CCL2 released by endothelial cells and leukocytes forms a gradient that directs a subset of leukocytes moving toward the site of inflammation and triggers firm adhesion of rolling leukocytes to the endothelium. 8, 9 In addition, CCL2 regulates the respiratory burst and the release of cytokines by leukocytes. 10, 11 As a consequence of its important function during vascular inflammation, CCL2 expression has been linked to a variety of acute and chronic inflammatory diseases. Abrogating CCL2 pathways by gene deletion or antibody neutralization has been shown to prevent the pathogenesis of many inflammatory conditions, including endotoxin-induced uveitis (EIU), retinal neovascularization, and atherosclerosis. [12] [13] [14] Various reports have shown that reactive oxygen species (ROS) play essential roles in the vascular inflammation induced by growth factors and cytokines. 15, 16 Oxidative stress is known as a critical player in the pathogenesis of various diseases, including hypertension, atherosclerosis, and diabetes. 17 NAD(P)H oxidase is the major source of ROS in the vasculature. In phagocytic cells, NAD(P)H oxidase is a multiprotein complex consisting of membrane-bound NOX2 (formerly known as gp91phox), p22phox, the cytoplasmic subunits p47phox and p67phox, and the small Rho GTPase Rac. 17 Vascular endothelial cells express the same subunits and the homologues of NOX2, such as NOX1 and NOX4. 17 We and others 18, 19 have shown that the diabetes-induced increase in VEGF expression and the breakdown of the blood-retinal barrier correlate with increases in oxidative stress. Recently, we also demonstrated that NAD(P)H oxidase activity has a primary role in retinal vascular inflammation and that the abrogation of NAD(P)H oxidase activity reduces leukocyte adhesion to the vessel and vascular hyperpermeability. 20 Here we hypothesized that NAD(P)H oxidase is critical for CCL2 expression during vascular inflammation in the retina and determined potential downstream targets of NAD(P)H oxidase in the regulation of CCL2 production. Our in vivo and in vitro results show that the NAD(P)H oxidase/ROS pathway is required for CCL2 production in vivo and in different types of cells in response to inflammatory stimuli. NAD(P)H oxidase may regulate CCL2 expression through Akt and NF-B but not by enhancing CCL2 mRNA stability.
METHODS

Treatment of Animals
All procedures with animals were performed in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and were approved by the institutional animal care and use committee (Animal Welfare Assurance no. A3307-01).
Experiments were performed with C57Bl/6J mice. EIU was induced by injection of lipopolysaccharide (LPS) from Salmonella typhimurium (4 mg/kg in PBS, intraperitoneally; Sigma-Aldrich, St. Louis, MO). Age-matched control mice received vehicle alone. Diabetes was induced by repeated injection (normally three times) of streptozotocin (STZ; 50 mg/kg, dissolved in 0.1 M sodium citrate buffer [pH 4.5], intraperitoneally, once every other day) until diabetes was established. Mice with glucose levels greater than 300 mg/dL (measured by blood glucose meter) for 1 month were used for experiments. Ischemic retinopathy was induced as described. 21 Mice maintained in normoxia (postnatal day 14) were used as controls. For apocynin treatment, mice were injected with apocynin (10 mg/kg in 0.9% saline, intravenously) 1 hour before the injection of LPS.
Tissue Culture
Primary rat microglia were isolated and grown in culture medium (Dulbecco modified Eagle medium [DMEM]/F12; Mediatech, Manassas, VA) with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin solution (Invitrogen, Carlsbad, CA), as described. 22 Briefly, retinas were collected and washed twice with ice-cold PBS and were digested with 0.125% trypsin at 37°C for 3 minutes. Digestion was stopped by the addition of culture medium, and tissues were triturated with a plastic pipette and washed twice. Cells were filtered through a nylon mesh (mesh opening, 100 m; Nitex [Wildlife Supply Co., Buffalo, NY]), collected by centrifugation, resuspended in culture medium, and plated into 100-cm 2 cell culture flasks at a density of 2 ϫ 10 5 cells/cm 2 . After 2 weeks, microglial cells were harvested in culture medium by shaking the flasks at 100 rpm for 1.5 hours. Cell suspension was centrifuged, and the detached cells were replated in culture medium for experiments. The purity of the microglial cultures was approximately 98% as determined by immunocytochemical staining analysis for OX42, a macrophage/microglial marker. For treatments, cells were seeded at a density of 1 ϫ 10 5 cells/well in 24-well plates in culture medium. One day after seeding, culture cells were washed in media (Cellgro Complete; Mediatech) and incubated in the same media with various treatments.
Rat Müller cells (rMC-1) 23 were cultured in DMEM (Invitrogen) supplemented with 10% FBS. Primary bovine retinal endothelial cells (ECs) were isolated as described 24 and were maintained in M199 supplied with bovine brain extract and 10% FBS. Human umbilical vein ECs (HUVECs) were purchased from Lonza (Basel, Switzerland) and were grown in Endothelial Cell Growth Medium (Lonza). These cells were used from passages 2 to 6 and were incubated in serum-free medium overnight before treatment.
Reverse Transcriptase-Polymerase Chain Reaction
Total RNA was isolated with a PCR kit (RNAqueous 4PCR; Applied Biosystems, Austin, TX) for retinal tissue or with reagent (TRIzol; Invitrogen) for cells, according to the manufacturer's instructions. Total RNA was reverse transcribed with M-MLV reverse transcriptase (Invitrogen) to generate cDNA. Gene-specific primers were then used for semiquantitative PCR amplification to detect relative amounts of transcript. The PCR reaction was set up in 25 L with cDNA reverse transcribed from 20 ng total RNA. The following PCR program was used: step 1, 2 minutes at 94°C; step 2, 30 seconds at 94°C; step 3, 30 seconds at 62°C; step 4, 15 seconds at 72°C; step 5, 24 repetitions of steps 2 to 4; step 6, 7 minutes at 72°C; step 7, hold at 4°C. This program was chosen based on a pioneer experiment performed by adding series-diluted cDNA from TNF-␣-treated ECs to ensure that it achieved a linear amplification of CCL2. Alternatively, gene expression was determined by real-time quantitative PCR (Power SYBR Green PCR Master Mix; Applied Biosystems), which was performed on a thermocycler (StepOne Plus; Applied Biosystems). Cycle threshold, determined as the initial increase in fluorescence above background, was ascertained for each sample. Melt curves was performed on completion of the cycles to ensure that nonspecific products were absent. 18S or GAPDH was used as an internal control in the PCR reaction for normalization. Of note, GAPDH was not used as a control in diabetic animal studies. Primer sequences were as follows: human CCL2, forward, 5Ј-CTC GCT CAG CCA GAT GCA AT-3Ј; human CCL2, reverse, 5Ј-GGA CAC TTG CTG CTG GTG AT-3Ј; mouse CCL2, forward, 5Ј-GGC TCA GCC AGA TGC AGT TAA-3Ј; mouse CCL2, reverse, 5Ј-CCT ACT CAT TGG GAT CAT CTT GCT-3Ј; rat CCL2, forward, 5Ј-CTC AGC CAG ATG CAG TTA ATG C-3Ј; rat CCL2, reverse, 5Ј-AGC CGA CTC ATT GGG ATC AT-3Ј; human intercellular adhesion molecule (ICAM)-1, forward, 5Ј-GCC AGG AGA CAC TGC FIGURE 1. CCL2 expression increases in eye disease models. Endotoxin-induced uveitis (EIU), diabetic retinopathy (DR), and ischemic retinopathy (IR) mouse models were generated. CCL2 expression in the retina was determined by ELISA (n ϭ 3-8). *P Ͻ 0.05 compared with vehicle or normal control. 
ELISA
CCL2 levels in the conditioned medium were estimated with ELISA kits (R&D Systems, Minneapolis, MN) according to the manufacturer's instructions. To determine CCL2 expression in the mouse retina, retinas were dissected and lysed by sonication with lysis buffer (20 mM imidazole, 100 mM KCl, 1 mM MgCl2, 1% Triton X-100, 10 mM NaF, 1 mM Na 3 VO 4 , 1 mM EGTA, 1 mM EDTA, pH 6.8) supplemented with protease inhibitors. The lysate was cleared of debris by centrifugation, and the supernatant was used for ELISA with a mouse CCL2 ELISA kit (R&D Systems). Protein concentration in the lysates was determined by a BCA assay (Pierce Biotechnology, Rockford, IL). CCL2 concentration was normalized to total protein in the lysate.
Luciferase Reporter Gene
HUVECs were plated in a 24-well plate and transfected with reagent (Lipofectin; Invitrogen) according to the manufacturer's instructions.
FIGURE 2.
Inhibition of NAD(P)H oxidase blocks CCL2 production in the retina in EIU. (A) Male C57/BL6 mice were injected with LPS (4 mg/kg intraperitoneally) and were killed at the time indicated. CCL2 mRNA in the retina was then determined by quantitative PCR and normalized to vehicle control (n ϭ 3). *P Ͻ 0.05 compared with vehicle control (saline). (B) Mice were pretreated with apocynin (Apo, 10 mg/kg intravenously) 1 hour before LPS injection. Three hours after LPS treatment, mice were killed, and CCL2 mRNA in the retina was determined by quantitative PCR and normalized to control mice without LPS treatment (None; n ϭ 5-7). #P Ͻ 0.05 compared with None. *P Ͻ 0.05 compared with saline vehicle control. 
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Cells were cotransfected with 0.725 g pNF-B-luc, a multimerized NF-B-luciferase (firefly luciferase) reporter gene plasmid, and 0.2 g of pRL-CMV (Renilla luciferase) internal control plasmid to normalize for transfection efficiency. After 24 hours, the cells were incubated in serum-free medium and treated with vehicle or apocynin and then were stimulated with TNF-␣ for 6 hours. Renilla luciferase and firefly luciferase were measured (Dual Luciferase Assay System; Promega Corporation, Madison, WI), and Renilla values were used for normalization.
Western Blot Analysis
After incubation in serum-free media overnight, cells were stimulated with TNF-␣ at 37°C for the indicated times in the presence of vehicle (dimethyl sulfoxide) or apocynin. Then cells were lysed in sodium dodecyl sulfate (SDS) sample buffer and subjected to 10% SDS polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred onto a nitrocellulose membrane, and the membrane was incubated with primary antibodies from Cell Signaling Technology (Danvers, MA) against total p38 mitogen-activated protein kinase (p38MAPK; no. 9212), phosphorylated p38MAPK (no. 9211), total Akt (no. 9272), and phosphorylated Akt (no. 4058) followed by horseradish peroxidaseconjugated secondary antibody. Immunoreactive proteins were detected with the enhanced chemiluminescence (ECL) system (GE Healthcare Bio-Sciences Corp., Piscataway, NJ).
Statistical Analysis
Results are expressed as mean Ϯ SEM. Group differences were evaluated with the use of one-way ANOVA followed by post hoc Student's t-test (SigmaStat software; Aspire Software International, Ashburn, VA).
Results were considered significant at P Ͻ 0.05.
RESULTS
LPS-Induced CCL2 Expression Abrogation by Inhibition of NAD(P)H Oxidase
CCL2 expression in the retina was determined by ELISA. CCL2 protein levels were significantly elevated in the retinas of mice with diabetes, ischemic retinopathy, and endotoxin-induced uveitis (EIU). The effect was most prominent in the EIU model, where the expression of CCL2 was increased by more than 100-fold (Fig. 1) . Thus, the EIU model was selected to test whether NAD(P)H oxidase is involved in CCL2 production in inflammation. LPS was administered to determine the optimal time for the study of CCL2 mRNA expression in EIU. As shown in Figure 2A , CCL2 mRNA was robustly increased after LPS injection and reached a peak at 3 hours. However, this increase was significantly reduced 47% by the inhibition of NAD(P)H oxidase with apocynin (Fig. 2B) . Apocynin is a specific inhibitor for NAD(P)H oxidase that blocks assembly of the enzyme complex. 25 
Blockade of CCL2 Expression in Retinal Cells by Inhibition of NAD(P)H Oxidase
The role of NAD(P)H oxidase in CCL2 production was further studied in cultured cells including microglia, Müller cells, and endothelial cells (ECs), which are the major retinal cell types that mediate the immune response. Given that TNF-␣ induces ROS signal in ECs, 26, 27 is recognized as a potent initiator of inflammation, and is critically involved in the pathogenesis of EIU and ischemic retinopathy, 4,28,29 experiments were conducted to determine whether NAD(P)H oxidase is required for CCL2 production induced by LPS and TNF-␣. As shown in Figure 3A , the incubation of microglia with LPS resulted in a twofold increase of CCL2 mRNA. However, in the presence of apocynin, LPS-induced CCL2 expression was significantly attenuated. Similarly, TNF-␣-induced CCL2 expression in Müller cells and ECs, whereas apocynin treatment completely abolished the effect of TNF-␣ (Figs. 3B-D) . These results indicated that NAD(P)H oxidase plays a general role in controlling CCL2 production during inflammation.
Requirement of NAD(P)H Oxidase/ROS Pathway for CCL2 Production in Human ECs
The vascular endothelium serves as the frontline during inflammation and is critical for leukocyte recruitment through the production of chemokines and adhesion molecules. Thus, the role of NAD(P)H oxidase in CCL2 production was further studied with the use of primary HUVECs. Similar results were achieved in these cells. TNF-␣ dramatically increased the expression of CCL2. Apocynin dose dependently blocked CCL2 production and achieved maximal inhibition at 1 mM (Fig. 4A) . Interestingly, this effect was also observed with VEGF stimulation (Fig. 4B) . VEGF is another important mediator of vascular inflammation, and its expression increases in patients with diabetic retinopathy. 30 Because human ECs were highly sensitive to TNF-␣ and expressed little CCL2 under basal conditions, they were studied to further evaluate the effect of NAD(P)H oxidase and to understand the molecular mechanisms by which NAD(P)H oxidase regulates CCL2 production.
Complete blockade of CCL2 production by apocynin raised the possibility of a nonspecific effect. Diphenylene iodonium chloride (DPI), another inhibitor for NAD(P)H oxidase, was used to verify the role of NAD(P)H oxidase. The result of this study showed that DPI abolished TNF-␣-induced CCL2 production as efficiently as apocynin (Fig. 4C) . In addition, TNF-␣-induced ICAM-1 expression was only slightly decreased by apocynin and DPI, indicating the specificity of the apocynin and DPI effect on CCL2 (Fig. 4D) . Consistent with mRNA expression, the determination of CCL2 production in the conditioned medium after cells were treated with inhibitors and TNF-␣ revealed that NAD(P)H oxidase inhibitors apocynin and DPI, antioxidant N-acetyl-L-cysteine, and superoxide scavenger Tiron all significantly blocked TNF-␣-induced CCL2 protein expression (Fig. 4E) , which further supported the role of the NAD(P)H oxidase/ROS pathway in CCL2 production.
CCL2 mRNA Stability Unaffected by NAD(P)H Oxidase Blockade
The effect of apocynin in blocking TNF-␣-induced increases in CCL2 mRNA levels may result from an action reducing mRNA stability or inhibiting CCL2 expression. To understand whether the inhibition of NAD(P)H oxidase changed the stability of CCL2 mRNA, CCL2 mRNA half-life was determined after gene transcription was blocked with the use of actinomycin D. As shown in Figure 5 , CCL2 mRNA was rapidly degraded and had a short half-life of approximately 27 minutes. In the presence of TNF-␣, the degradation of CCL2 mRNA was slightly reduced and had a half-life of approximately 45 minutes. However, TNF-␣-increased CCL2 mRNA stability was not reduced by apocynin, suggesting the effect of NAD(P)H oxidase involves the regulation of CCL2 expression.
NF-B and Akt as Downstream Targets for NAD(P)H Oxidase in CCL2 Production
Studies have shown that NF-B is required in TNF-␣-induced CCL2 production in tumor cells. 31 To determine whether the NAD(P)H oxidase effect in decreasing CCL2 production involves the blockade of NF-B, TNF-␣-induced NF-B activity was detected in the presence or absence of apocynin by NF-B-driven luciferase reporter gene assay. As shown in Figure 6A , stimulation of human ECs resulted in an 8.3-fold increase of luciferase activity. In the presence of apocynin, this increase was significantly reduced to 3.3-fold (a 69% reduction). Given that the commonly used NF-B inhibitor PDTC is also an antioxidant, 32 a sphingosine kinase inhibitor was included as a positive control for the experiment. Sphingosine kinase activity is indispensible for TNF-␣-induced NF-B activation in ECs. 33 Inhibition of sphingosine kinase completely blocked luciferase activity induced by TNF-␣ (Fig. 6A) . Unexpectedly, determining CCL2 expression showed that the inhibition of sphingosine kinase only partially blocked TNF-␣-induced CCL2 production (a 46% reduction), whereas apocynin achieved 100% inhibition (Fig. 6B) , suggesting that molecules other than NF-B were involved in transducing the TNF-␣-NAD(P)H oxidase-CCL2 signal.
Some reports indicate that p38MAPK and Akt are involved in TNF-␣-induced CCL2 production in ECs. 34, 35 Experiments were conducted to determine whether they are the downstream targets for NAD(P)H oxidase. Treatment of ECs with 
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TNF-␣ resulted in a rapid increase in p38MAPK phosphorylation, with maximal effect at 10 minutes, and in Akt phosphorylation, with maximal effect at 30 minutes (Fig. 7A) . In the presence of apocynin, TNF-␣-induced Akt phosphorylation was completely blocked, whereas the activation of p38MAPK was not changed (Fig. 7A) . Interestingly, inhibition of Akt by LY294002 substantially inhibited TNF-␣-induced CCL2 production (Fig. 7B) . Inhibition of JNK and ERK did not attenuate TNF-␣-induced CCL2 production (data not shown). These results indicated that Akt, but not p38MAPK, is involved in the TNF-␣-CCL2 signaling pathway.
DISCUSSION
NAD(P)H oxidase activity has been shown to play a critical role in eye diseases, diabetic complications, and cardiovascular diseases. 17, 20, 36 Blockade of NAD(P)H oxidase has been shown to reduce retinal vascular inflammation, neovascularization, and vascular hyperpermeability. 20, 36 Nevertheless, the downstream targets for NAD(P)H oxidase in the inflammatory process are largely unknown. In the present study, we provide the first evidence that NAD(P)H oxidase activity is required for the production of CCL2, an important player in inflammatory responses, during retinal inflammation. Our studies demonstrated that the inhibition of NAD(P)H oxidase significantly attenuated LPS-induced CCL2 production in the EIU model. In vitro studies indicated that NAD(P)H oxidase plays a general role in controlling CCL2 production because the inhibition of NAD(P)H oxidase blocked CCL2 production in different cell types, including retinal microglia, Müller cells, and ECs, in response to a variety of inflammatory stimuli, including LPS, TNF-␣, and VEGF. CCL2 is critically involved in vascular inflammation by recruiting leukocytes and is implicated in angiogenesis and EC hyperpermeability by binding to its receptor in ECs. 6, 37, 38 Blockade of CCL2 production has been shown to reduce pathologic signs in uveitis and ischemic retinopathy and to prevent photoreceptor cell damage during retinal detachment by reducing inflammation. 13, 14, 39 Our finding that NAD(P)H oxidase regulates CCL2 production in retinal inflam- mation further underscores the therapeutic benefit of blocking NAD(P)H oxidase in retinal diseases. Of note, LPS induces more CCL2 production in EIU than in cultured cells treated with LPS or cytokine alone, which suggests a more complicated response to LPS in vivo. The retina is composed of multiple cell types that regulate each other in physiological and pathologic conditions. LPS may initiate the inflammatory response and induce the production of proinflammatory cytokines in different cell types, such as Müller cells, macrophages/microglia, and astrocytes. As a consequence, CCL2 expression in EIU may arise from a combined or even a synergistic direct effect of LPS on cells and from the indirect impact of other proinflammatory cytokines. However, by showing that the blockade of NAD(P)H oxidase abrogates CCL2 production in vivo and in vitro, our studies clearly demonstrated a critical and general role of NAD(P)H oxidase in regulating CCL2 production.
mRNA level can be regulated by changing expression or by altering mRNA half-life. It has been shown that activated protein C increases CCL2 mRNA in ECs by enhancing the stability of CCL2 mRNA. 40 Studies also have shown that TNF-␣ and ROS have the ability to augment mRNA stability for some proteins. 41, 42 This information raises the possibility that the inhibition of NAD(P)H oxidase may accelerate CCL2 mRNA degradation and thus reduce the CCL2 mRNA level. This possibility was excluded by our finding that TNF-␣ only marginally increased the half-life of CCL2 mRNA and that apocynin treatment did not block this increase.
NF-B is a redox-sensitive molecule that plays a critical role in inflammatory responses. 32 Previous studies with tumor cells have shown that TNF-␣-induced CCL2 expression requires NF-B activity. 31 We suspected that NF-B is a downstream target for NAD(P)H oxidase. Unexpectedly, we found apocynin inhibited TNF-␣-induced NF-B promoter activity by only 69%, whereas it blocked CCL2 production 100%. In contrast, an inhibitor for sphingosine kinase blocked NF-B activity 100%, whereas it reduced CCL2 production by only 46%. This contradiction raises the possibility that NF-B is not the only downstream target for NAD(P)H oxidase in the regulation of CCL2 production in human ECs. In contrast with CCL2, ICAM-1 expression in TNF-␣-treated cells correlated closely with the activation of NF-B, and apocynin only partially reduced its expression. Nevertheless, our result does not rule out the possibility that the control of NF-B activity by NAD(P)H oxidase is important for regulating CCL2 production in other cell types.
Akt has been shown to be activated by ROS through PI3K-dependent mechanisms. 43 ROS have been implicated in the PI3K/Akt pathway by the activation of PI3K or the inactivation of PTEN, which dephosphorylates Akt. 44, 45 Activation of Akt has also been shown to regulate IL-1␤-induced CCL2 production by inducing the activation of AP-1 but not NF-B in RPE cells. 46 In our present study, we provide the first evidence that NAD(P)H oxidase activity is critical for TNF-␣-induced Akt activation because this activation was completely abolished by the inhibition of NAD(P)H oxidase. In addition, our results also suggest that Akt is involved in the TNF-␣-NAD(P)H oxidase-CCL2 signal because inhibiting Akt almost completely blocked TNF-␣-induced CCL2 production. In contrast to Akt, our study ruled out the role of MAPKs in this human EC because the blockade of ERK and JNK did not reduce TNF-␣-induced CCL2 production (data not shown) and the inhibition of NAD(P)H oxidase did not change the activation of p38MAPK. Akt activation is beneficial because it protects cells from death. However, our finding suggests that blocking Akt activation in ECs may be useful in reducing inflammation by decreasing oxidative stress-elicited CCL2 production. An analogous role has been demonstrated by showing that the blockade of Akt activation prevents VEGF-induced vascular hyperpermeability and consequently blocks brain swelling. 47 Further studies are needed to determine how to fine-tune the NAD(P)H oxidase/ Akt pathway to prevent inflammation while maintaining the beneficial role of Akt in retinal diseases.
